Abstract The objectives of this study are to assess the impact of pre-existing diabetes and diabetes treatment on breast cancer prognosis. 8,108 women with centrally confirmed invasive breast cancer in the Women's Health Initiative diagnosed between 1998 and 2013 were followed through the date of death or September 20, 2013. Information on diabetes and diabetes therapy were obtained via selfreport and face-to-face review of current medication containers, respectively. Cox proportional hazard regression was used to estimate adjusted relative hazard ratios for overall mortality. The proportional subdistribution hazard model was used to estimate hazard ratios for breast cancerspecific mortality. Compared with women without diabetes, women with diabetes had significantly increased risk of overall mortality (HR 1.26 95 % CI 1.06-1.48), especially among those who took insulin or had longer duration of diabetes. However, diabetes was not associated with increased risk of breast cancer-specific mortality, regardless of type of treatment and duration of diabetes, despite the significant association of diabetes with unfavorable tumor characteristics. Our large prospective cohort study provides additional evidence that pre-existing diabetes increases risk of total mortality among women with breast cancer. The increased total mortality associated with diabetes was mainly driven by increased risk of dying from diseases other than breast cancer. Thus, the continuum of care for breast 
cancer patients with diabetes should include careful attention to CVD risk factors and other non-cancer conditions.
Keywords Breast cancer Á Prognosis Á Diabetes Á Diabetes treatment Background Type 2 diabetes (hereafter referred to as diabetes) and breast cancer are common diseases in aging women. Recently, there has been great interest in investigating whether diabetes and its treatment increase breast cancer risk. A large body of epidemiologic evidence suggests that people with diabetes have a significantly higher risk of breast cancer incidence with a summary point relative risk of 1.20-1.27 based on three recent meta-analysis studies [6, 19, 21] . There is also convincing evidence that overall mortality following breast cancer is significantly higher in diabetic women with breast cancer than their non-diabetic counterparts [12, 18, 22, 34] . However, further interpretation of the observation for overall mortality is challenging, given the complex influences of diabetes on cancer prognosis.
First, diabetes may directly influence breast cancer progression and outcomes via the physiologic effects of hyperinsulinemia and/or hyperglycemia [28, 32] . However, diabetes may also increase the risk of overall mortality as a result of diabetes itself and its complications. Women with diabetes and breast cancer, for example, may be more likely to die from cardiovascular diseases. Only a few studies [14, 24, 37] have examined the impact of diabetes on breast cancer-specific mortality with mixed results. Thus, more definitive studies are needed to clarify whether the higher overall mortality seen in breast cancer patients with diabetes compared to those without diabetes is related to a poorer prognosis specific to breast cancer or due to risk of mortality from other causes (competing risk).
Second, breast cancer prognosis may be influenced by pharmacologic treatments for diabetes. Studies have shown that the effects of some glucose-lowering therapies are associated with breast cancer risk and that their effects vary by type of diabetes therapy. Metformin, an oral drug widely used as a first-line therapy for type 2 diabetes, has been associated with a lower risk of breast cancer incidence compared with other anti-diabetic therapies such as insulin and sulfonylureas [8, 10] . In contrast to incidence, however, few studies have examined treatment of diabetes in relation to breast cancer prognosis, with inconclusive results [11, 15] .
In this study, we used the Women's Health Initiative (WHI), a large prospective cohort study, to address the following questions, with the goal of advancing understanding of how pre-existing diabetes influences breast cancer prognosis: (1) is there a total mortality difference between diabetic and non-diabetic women with breast cancer? (2) Is there a breast cancer-specific mortality difference between diabetic and non-diabetic women with breast cancer? (3) Is diabetes associated with unfavorable tumor characteristics? 4) Do different diabetes pharmacologic treatments have different impacts on breast cancer prognosis.
Methods

Women's Health Initiative (WHI)
The WHI is an ongoing, ethnically and geographically diverse, multi-center clinical trial (CT) and observational study (OS) designed to address major causes of morbidity and mortality in postmenopausal women. (2010) (2011) (2012) (2013) (2014) (2015) . Participants in the OS included 93,676 women who were screened for the clinical trials but proved to be ineligible or unwilling to participate, or were recruited through a direct invitation for the observational study. In 2005, OS follow-up continued for participants who consented to WHI Extension 1 and subsequently to WHI Extension 2. Details of the scientific rationale, eligibility requirements, and baseline characteristics of the participants in the WHI have been published elsewhere [1] . Consent rates to the WHI Extensions are posted to the WHI website [2] . The study was overseen by IRBs at all 40 clinical centers and at the coordinating center, as well as by a data safety and monitoring board. All participants in the WHI gave informed consent. Both the CT and OS are used for this study.
Follow-up and ascertainment of breast cancer cases Incident breast cancer cases were identified by selfadministered questionnaires (administered every 6 months in the CT through 2005, and annually in the CT after 2005 and in OS), with all cases confirmed by medical record review. All primary breast cancer cases were then coded centrally in accordance with the Surveillance Epidemiology and End Results (SEER) coding guidelines. The breast cancer stage was categorized as: in situ, localized (confined to primary site); regional (spread to regional lymph nodes); distant (cancer has metastasized); or unknown (unstaged). Other tumor characteristics that are available in the WHI database include tumor size, positive lymph nodes, tumor grade, histology, estrogen receptor status, progesterone receptor status, and HER2 status.
Study population
As of September 20, 2013 , there were a total of 10,911 breast cancer cases. After excluding cases of breast cancer in situ (1,970 women), breast cancers with missing information on stage (107 women), 713 women with prevalent cancer at baseline (other than non-melanoma skin cancer), and 13 type 1 diabetes cases (identified by self-report of being told of a diabetes diagnosis at 21 years of age or younger), a total of 8,108 cases were available for final analysis. The study population included 6,115 localized, 1,879 regional, and 114 distant breast cancer cases that occurred during the WHI follow-up 1994-2013.
Measurements
Outcomes
Our primary outcome was breast cancer-specific mortality. However, we also examined overall mortality as an outcome for comparison with the results of previous studies.
Diabetes status, diabetes duration
In the WHI, diabetes at enrollment (prevalent diabetes) was defined as a positive answer to the question ''did a doctor ever say that you had sugar diabetes or high blood sugar when you were not pregnant''. Medically treated diabetes at enrollment was defined as whether or not the participant reported ever having been treated for diabetes with pills or insulin shots. Incidence of medically treated diabetes was also determined during WHI follow-up. The definition of incident diabetes was a positive response to the question on either the semiannual or annual follow-up questionnaires: ''Since the date given on this form has a doctor prescribed for the first time any of the following pills or treatments?'', and subsequent selection of any of the following responses: pills for diabetes, insulin shots for diabetes. Self-reported diabetes in the WHI has been found to be reliable based on medication inventories, fasting glucose levels, and medical record review [17, 26] . We determined diabetes status up to the date of breast cancer diagnosis. The duration of diabetes for prevalent diabetes (diabetes at enrollment) was estimated as the difference between age of the participant when first diagnosed with diabetes and age at breast cancer diagnosis. The duration of diabetes for incident diabetes (diagnosed during WHI follow-up) was estimated from the date of the report of diabetes to the date of breast cancer diagnosis.
Diabetes therapies
Information on diabetes therapies was extracted from WHI medication inventory data. The WHI Clinical Centers collected current medication on CT participants at baseline and years 1, 3, 6, and 9. For OS participants, medication inventories took place at baseline and year 3. During each visit, participants were asked to bring all current prescription medications. Information on medications included the product name or generic name of the medication, the prescribed dose and frequency, the actual dose and frequency, and the duration. Information on different types of anti-diabetic drugs was extracted from the WHI medication inventory collected at baseline and follow-ups. Exposure to various anti-diabetic medications was categorized into insulin (ever used alone or with other oral medications), metformin (ever used alone or with other oral medications), or only used other anti-diabetic medications. If treated diabetes was reported but medication data were not available at a particular medication inventory, the exposure was coded as ''unknown treatment''. Because the WHI only requested participants to report newly diagnosed treated diabetes during follow-up, in this analysis, we defined incident diabetes as treated diabetes before breast cancer diagnosis. Diabetes therapies were also defined up to breast cancer diagnosis.
Comorbidity
Information on comorbidity was based on eight diseases most prevalent at baseline in the study population. These eight included hypertension, cardiovascular problems (including nonfatal MI, CHD death, coronary artery bypass graft (CABG) or percutaneous transluminal coronary angioplasty (PTCA), stroke, and heart failure), depression, osteoporosis, osteoarthritis or arthritis, hyperlipidemia, asthma, and cancer. Other than asthma (only prevalent cases collected at baseline), all other comorbid conditions were updated through the date of breast cancer diagnosis or September 30, 2010. Women were categorized by the number of comorbid conditions (0-no comorbidity before their breast cancer diagnosis, 1-one comorbid condition, 2-two conditions, 3-three comorbid conditions, and 4-four or more comorbid conditions).
Demographics, breast cancer risk factors and other covariates
Other covariates included age at diagnosis, race/ethnicity, education level, body mass index (BMI), physical activity, alcohol intake, family history of cancer among females, total daily energy intake, percent of daily dietary calories from fat, history of hormone therapy use, and participation in study cohorts (participation in OS or CTs, and different treatment assignments for all three clinical trials). Other than age at breast cancer diagnosis, and different treatment assignments, all other information was ascertained at baseline. Measurement of these variables is described more completely in the Tables.
Statistical analysis
Distribution of women's characteristics was compared between women with and without diabetes. Chi-square tests were used to evaluate differences for categorical covariates, and t-tests were used for continuous variables. Overall mortality and breast cancer-specific mortality stratified by diabetes status was estimated with the Kaplan-Meier method first. Survival time was measured as the days from date of breast cancer diagnosis until death or September 20, 2013, whichever came first. For overall mortality analyses, we treated data of persons alive at the end of follow-up as censored observations. Multivariable Cox proportional hazards regressions were then used to estimate adjusted relative hazard ratios for overall mortality in relation to diabetes status after adjusting for potential confounders. The proportional subdistribution hazard model proposed by Fine and Gray [13] was used to estimate hazard ratios for breast cancerspecific mortality associated with diabetes status by accounting for non-breast cancer mortality as competing risk. For the purpose of comparison with previous studies, we also used conventional epidemiology methods (Cox proportional hazards) to analyze breast cancerspecific mortality by considering the dates of death from causes other than breast cancer as censored observations. In all multivariate models, potential confounders included age at breast cancer diagnosis; cancer stage (localized or regional); race/ethnicity, education level, obesity, physical activity, alcohol intake, family history of cancer among female relatives, total daily energy intake, percent of daily dietary calories from fat, history of hormone therapy use, and comorbidity. We fitted models with and without adjustment for stage along with other covariates, to see how much the stage adjustment attenuated the mortality risk.
Results
Of a total of 8,108 women with invasive breast cancer, 727 (9.0 %) had pre-existing treated diabetes before breast cancer diagnosis (referred to hereafter as diabetes). Baseline patient characteristics by diabetes status are shown in Table 1 . Compared with women without diabetes, women with diabetes were significantly more likely to be older, be members of non-White race/ethnicity groups, be heavier, be physically inactive, have no current alcohol use, be less educated, and not use hormones or to use estrogen alone, and have greater number of comorbid conditions. However, there was no substantial difference between the diabetes group and no diabetes group in family history of cancer among female relatives (Table 1) . There were 1498 (20.3 %) deaths in the no diabetes group and 181 (24.9 %) deaths in the diabetes group. In the no diabetes group, 36.7 % were from breast cancer, 17.8 % from other cancers, 18.4 % from cardiovascular disease, 19.6 % from other known causes, and 7.5 % from unknown causes. In the diabetes group, 26.0 % were from breast cancer, 12.7 % from other cancers, 23.2 % from cardiovascular disease, 29.8 % from other known causes, and 8.3 % from unknown causes. Figure 1 shows the Kaplan-Meier survival curves stratified by diabetes status for overall mortality (Fig. 1a) and the survival curves stratified by diabetes status for breast cancerspecific mortality using competing mortality model (Fig. 1b) . There was a significant difference between women without and with diabetes for overall mortality (p \ 0.0001) but not for breast cancer-specific mortality (p = 0.9) by the log-rank test. Table 2 shows hazard ratios for overall mortality in relation to diabetes characteristics. Compared with women without diabetes, women with diabetes had significantly increased risk of overall mortality (HR 1.26 95 % CI 1.06-1.48). Examining type of treatment and diabetes duration, women who received insulin or other non-metformin oral drugs, or had longer duration of diabetes prior to breast cancer diagnosis had significantly higher risk of overall mortality. Comparing models with and without adjusting for cancer stage, the hazard ratios for overall mortality were slightly attenuated, but were not substantially changed by stage adjustment. Table 2 also shows hazard ratios for breast cancer-specific mortality in relation to diabetes using the competing risk method. There was no increased risk for breast cancerspecific mortality associated with diabetes regardless of type of treatment or duration of diabetes. Results were not substantially different with or without adjustment for stage. Results for breast cancer-specific mortality using conventional epidemiology methods (censoring women experiencing competing events at the time of these events) also demonstrated no significant association with diabetes, although the point estimates were slightly overestimated (e.g., HR 0.81, 95 % CI 0.58-1.12 without competing risk model vs HR 0.74, 95 % CI 0.53-1.02 with competing risk model.)
Among the 8,108 women with breast cancer, compared to women without diabetes, women with diabetes were more likely to have large tumor size, advanced tumor stage, moderately and poorly differentiated grade tumors, ductal histology, and a longer interval from the last mammogram to breast cancer diagnosis. There were no statistically significant differences in positive lymph nodes, estrogen, progesterone, and HER2 receptor status (Table 3) , although women with diabetes were less likely to have missing tumor markers for HER2.
Discussion
Our large prospective study showed that pre-existing diabetes increased adjusted risk of overall mortality among women with breast cancer, especially among women with diabetes who required insulin therapy or had longer duration of diabetes. However, pre-existing diabetes was not associated with increased risk of breast cancer-specific mortality regardless of type of treatment and duration of diabetes, despite the significant association of diabetes with unfavorable tumor characteristics. Compared with women without pre-existing diabetes, cause of death among women with preexisting diabetes was more likely to be attributed to cardiovascular disease and other known causes of death than to breast cancer or other cancer types.
Our observed increased risk of overall mortality associated with pre-existing diabetes is in line with a recent published meta-analysis where pre-existing diabetes was significantly associated with overall mortality in six of seven studies with a significant pooled HR of 1.49 (95 % CI 1.35-1.65) [29] . A few studies [7, 9, 14, 24, 37] have examined diabetes in relation to breast cancer-specific mortality with mixed results. Two studies [7, 24] reported an increased risk for breast cancer-specific mortality in women with diabetes, while two other studies [9, 14] reported no increase in risk. Of the two studies [7, 24] that reported an increased risk, one study [24] was based on Swedish registry data where diabetes was defined as hospitalized for diabetes, which may represent more severe cases than diabetes in the general population. The other study [7] was conducted in Taiwan and was unable to adjust for some important confounders, such as physical activity and BMI. Srokowski et al. [37] used the Surveillance, Epidemiology, and End Results-Medicare database and observed an elevated breast cancer-specific mortality in women with diabetes who received chemotherapy compared with their non-diabetic counterparts, but not in women who had not received chemotherapy. In addition, among all previous studies examining breast cancer-specific mortality, none of them considered competing risk. Rather, they censored women experiencing competing events at the time of these events, which may overestimate the absolute risk of the event of interest [31, 38] . We overcame this limitation through applying the proportional subdistribution hazard model proposed by Fine and Gray [13] to estimate breast cancer-specific mortality by accounting for non-breast cancer mortality outcomes as competing risk. Although in this case, the results were essentially the same in both methods, other studies have demonstrated that competing risk analysis yields less upward bias in risk estimates [25] .
Experimental studies have shown that diabetes may increase breast cancer-specific mortality via direct physiologic effects of hyperinsulinemia [33, 39] . However, our data did not support the initial hypothesis that diabetes may be associated with adverse prognosis specific to breast cancer. If there is an unfavorable effect of diabetes on breast cancer-specific mortality this may be counterbalanced by beneficial effects of positive lifestyle changes or some diabetes therapies among diabetic women.
Pre-clinical studies suggest that metformin, an oral drug widely used as a first-line therapy for type 2 diabetes, may decrease breast cancer progression [5] . A few epidemiological studies have examined the effect of metformin on breast cancer prognosis with inconclusive results [4, 11, 16, 20, 30, 40] . Three studies [16, 30, 40] found a significant inverse association between metformin therapy and allcause mortality, while three studies [4, 11, 20] did not. Two other studies [20, 30] reported null associations between metformin and breast cancer-specific mortality. Our data did not support the hypothesis that metformin improves overall survival and breast cancer-specific mortality in women with breast cancer. However, study power for breast cancer-specific mortality may be limited because of the relatively small sample size. Thus, larger studies are needed to assess the prognostic value of metformin for cancer patients.
Our finding that breast cancer-specific mortality was not significantly higher among women with diabetes could have occurred for at least two reasons. First, effective treatments for breast cancer, such as adding trastuzumab to adjuvant chemotherapy or chemotherapy with anthracycline is associated with increased risk of cardiomyopathy and congestive heart failure [35] , which may increase the risk of dying from cardiovascular disease, especially in patients with diabetes [36] . Radiation therapy may also increase cardiovascular disease [3] . However, the WHI does not include information on cancer treatment so we are not able to support or refute this using the current data. A second explanation could lie in misclassification when assigning cause of death. Patients with diabetes may be more likely to be assigned cardiovascular diseases as a cause of death, even when they have advanced cancer, because of the well-known association of diabetes with cardiovascular complications and mortality. However, in our study women with diabetes were also more likely to have their deaths attributed to non-cancer, non-CVD causes.
Our data revealed that diabetes was associated with less favorable tumor characteristics including larger tumor size, [23, 27] , which may lead to delayed diagnosis. However, our data do not suggest that diagnostic delay or unfavorable tumor characteristics in women with diabetes resulted in increased breast cancer mortality even after considering competing non-cancer mortality. Although the WHI includes detailed and comprehensive data on demographic and breast cancer risk factors, tumor characteristics and physician-adjudicated causes of death, there is no cancer treatment information available in the WHI data, thus, we could not account for cancer treatment in our data analysis. Second, diabetes diagnosis was based on self-report. This may have resulted in some degree of misclassification of the exposure. This misclassification may have biased our effect estimates toward the null. However, a validation study in the WHI has shown a high concordance of self-report with a gold standard based on medical record review and with medication inventories [17, 26] . In addition, the statistical power for breast cancerspecific mortality analysis may have been limited due to the few breast cancer deaths. Other limitations include lack of information regarding glucose control and diabetes progression.
In conclusion, our large prospective cohort study provides additional evidence that pre-existing diabetes increases risk of total mortality among women with breast cancer. The increased total mortality associated with diabetes was mainly driven by increased risk of dying from diseases other than breast cancer. The continuum of care for breast cancer patients with diabetes should include careful attention to CVD risk factors and other non-cancer conditions, since these caused the majority of deaths among women in our study. Further study is needed to understand how treatment choices for cancer and noncancer conditions may differ among breast cancer patients with and without diabetes.
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